INTRODUCTION
cells may require specific prey in order to grow [37] . Conversely, certain species of bacteria are 86 able to resist predation and even grow intracellularly, effectively competing against L. 87 pneumophila [46] . In contrast, Fischerella spp. (Cyanobacteria) and Flavobacterium promote the 88 growth of L. pneumophila, [47, 48] . 89
90
The majority of cooling towers seem to contain a core Legionella spp. community [49, 11, 50] . 91
However, the stability of this community is still not well understood and L. pneumophila seems 92 able to proliferate to the detriment of other Legionella species [49, 50] . Chemical disinfection is a 93 disruptor to the Legionella community but L. pneumophila seems quicker to recover after 94 chlorine treatment and can dominate the Legionella community [49, 50] . Moreover, relative 95 abundance of the family Legionellaceae is positively correlated with alpha diversity [11] , 96 suggesting that microbial interactions are essential for the growth of L. pneumophila in cooling 97
towers. 98 99
Thus, outbreaks of LD are driven by chemical and physical properties, as well as microbial 100 interactions. Nevertheless, the ecology of L. pneumophila in cooling towers is still poorly 101 understood and potential interactions with resident microbes need to be clarified. Consequently, 102
we used a 16S rRNA targeted amplicon sequencing approach to characterize the bacterial 103 community of cooling towers, along with the chemical and physical characteristics, and 104 investigate their relationship with L. pneumophila. We hypothesize that the presence of L. 105 pneumophila depends on certain groups of bacteria, whose presence is influenced by other factors 106 such as disinfectant or water characteristics. 107 108 109
MATERIALS AND METHODS 110 111

Sampling of cooling towers 112
A total of 18 cooling towers were sampled from six different regions in Quebec, Canada, between 113 the 10 th and 21 st of July 2017. Location of towers, total and residual chlorine levels, and 114 disinfection regimes are listed in Table 1 . Water was sampled with sterile polypropylene bottle 115 from the basin of the cooling tower or from a sampling port when the basin was inaccessible. All 116 towers were sampled in triplicate in volumes of one litre to perform heterotrophic plate counts 117 and 16S rRNA targeted amplicon sequencing. An additional two litres were collected to analyze 118 chemical and physical parameters. Samples were brought back to the lab stored at room 119 temperature and processed within 48 hours. 120
121
Heterotrophic plate count, physical and chemical parameter measurements 122
Heterotrophic plate count (HPC) were performed on R2A and nutrient agar media, which were 123 incubated at 30°C for 24 hours. Turbidity, pH, temperature, total chlorine, residual chlorine, 124 conductivity and dissolved oxygen were measured on-site. Residual and total chlorine were 125 measured using a Pocket Colorimeter™ II (Hach, Loveland, CO, USA), conductivity, turbidity 126 with a Hach 2100Q (Hach, Loveland, CO, USA) while pH and dissolved oxygen were measured 127 using a Hach Multi-Parameter HQ40d tool (Hach, Loveland, CO, USA used to extract DNA from the filters. The manufacturer's protocol was followed, except that 140 nuclease-free water was used for the final elution step. The extracted DNA was quantified using a 141 Nanodrop (Thermofisher, MA, USA) and the purified DNA was stored at -20°C. 142
143
Bacterial profiling of cooling towers using 16S rRNA targeted amplicon sequencing 144 16S rRNA targeted amplicon sequencing was performed on the Illumina MiSeq platform 145 (Illumina, inc) using a sequencing strategy developed by Kozich et al, which uses a dual index 146 sequencing strategy using the F548 and R806 primers which amplify the V4 region of the 147 bacterial 16S rRNA gene [52] . Briefly, the V4 region of the bacterial 16S rRNA was amplified 148 using the Hot Start Taq Plus Master Mix (Qiagen, Germantown, MD, USA) and indexed primers 149
[52]. The cycling program consisted of an initial denaturation step of 95°C for 2min, followed by 150 25 cycles of 95°C for 20 seconds, 55°C for 15 seconds, and 72°C for 5 minutes, and a final 151 elongation of 10 minutes at 72°C. The PCR products were then purified using Ampure XP beads 152 (Beckman Coulter, Indianapolis, IN, USA) according to the manufacturer's instruction. The 153 purified DNA was quantified using the Quant-iT PicoGreen dsDNA assay kit (Thermofisher, 154 MA, USA). The DNA samples were then normalized to a concentration of 1.5 ng/µl, pooled 155 together, mixed with 10% PhiX sequencing control (Illumina, inc), diluted to 4.0 pM, and 156 denatured with a final concentration of 0.0002N NaOH. The sequencing run was performed on 157 the MiSeq platform with the MiSeq Reagent kit V2, according to the manufacturer's instruction. 158
Raw sequence reads were deposited in Sequence Read Archive under accession number 159
PRJNA507738. 160 161
Sequencing data was processed using the Mothur pipeline [52] . Briefly, the paired reads were 162 assembled into contigs, and any contig with ambiguous bases or longer than 275bp were culled. 163
Sequences were aligned to the bacterial Silva reference database release 132. Sequences that did 164 not align to the reference database were removed. The ends and gaps from the sequence 165 alignment were trimmed so that all sequences had the same alignment coordinates. The 166 sequences were further denoised using a pre-cluster algorithm implemented in Mothur. The 167 resulting unique sequences were purged of chimeras using the VSEARCH algorithm. 168
Additionally, any undesirable sequences remaining, such as Eukaryota, Archaea, chloroplasts, 169 and mitochondria, were removed using a Bayesian classifier algorithm in Mothur. Next, the 170 sequences were grouped according to their taxonomy and clustered into OTUs at 97% similarity. 171
The MicrobiomeAnalyst web-based tool was used to analyse the OTU data and perform LEfSe 172 analysis (http://www.microbiomeanalyst.ca/faces/home.xhtml) [53] . OTUs with low counts 173 were filtered out using the default parameters (at least 20% of the samples contain 2 counts or 174 more). One of the replicates for tower CN4 had significantly lower read levels than all the other 175 samples. Thus, this replicate was omitted from the analysis, and the remaining samples were 176 rarefied to the next lowest read count sample (20 712 sequences). Only duplicates were analysed 177 for tower CN4. GraphPad Prism 7.03 was used to produce most of the graphs along with some 178 statistical analysis. each cooling tower as well as water profiles are described in Table 1 and Supplementary Table  192 S1. On average, the water of cooling towers sampled had the following characteristics: 
Effect of water chemistry on alpha diversity of cooling towers 241
The Shannon diversity index was used to measure alpha diversity. The average Shannon index 242 varied significantly from tower to tower (Kruskal-Wallis, P < 0.0001; H=47.612; Supplementary 243 Figure S1 ). TSS, VSS, DOC, total iron, and dissolved iron negatively affected alpha diversity 244 (Supplementary Figure S2) . High conductivity was associated with higher alpha diversity 245 (Supplementary Figure S2) . Next, the effect of chlorine concentration on alpha diversity was 246 investigated. A threshold of 0.3 mg Cl2/L was used to categorize the towers into low and high 247 chlorine groups. Measured total and residual chlorine had no effect on alpha diversity ( Figure 3A  248 and B). The frequency of application of chlorine had a significant effect on alpha diversity: 249 continuous chlorination reduced alpha diversity compared to periodic application (daily and 250 weekly, P < 0.004, Figure 3C ). This suggests that the frequency of application of chlorine has a 251 stronger impact on the microbial diversity of cooling towers than the concentrations of chlorine at 252 the time of sampling. 253 consequently, samples were partitioned into samples containing or not containing these genera. 263
The mean Shannon index for samples without Legionella was 1.04, whereas the index was 1.92 264 for samples with Legionella (P < 0.0001, Figure 4A ). This positive correlation was previously 265 reported for cooling towers located in the United States [11]. The same relationship was 266 observed for Mycobacterium (Supplementary Figure S3) . No significant differences in alpha 267 diversity were observed between L. pneumophila-positive towers and negative towers (P > 0.05, 268 
Effect of geographic location on the microbiome 283
Beta diversity was calculated to analyse differences between towers. The Bray-Curtis 284 dissimilarity index was used to create a dissimilarity matrix and non-metric multidimensional 285 scaling (NMDS) was used to visualize the data. The data points were then clustered according to 286 the physical, chemical, and biological parameters. ANOSIM was used to test the statistical 287 significance and strength of clustering correlation. The source of the treated water feeding the 288 cooling towers was the only parameter that created significantly different clusters ( Figure 5A Correlation between the microbiome and key genera 305 Next, the prevalence of different microorganisms in the cooling towers was investigated to 306 determine the core community of cooling towers. Seven out of the 72 genera showed prevalence 307 above 80%, including Pseudomonas, Porphyrobacter, Methylobacterium, Blastomonas, and 308 unclassified genera from the Methylophilaceae, the Burkholderiaceae, and the 309 Sphingomonadaceae families (Supplementary Figure S4) . Pseudomonas and Methylobacterium 310 have near 100% prevalence in all towers at a relative abundance of 0.001; however, as relative 311 abundance levels increased, prevalence decreased, indicating that these organisms are prevalent 312 in most towers but at different abundance levels. These organisms likely constitute the core 313 community of cooling towers. Six other genera had prevalence between 50% and 80%, including 314
Limnobacter, Obscuribacteriales, Sphingomonas, Sphingopyxis, Novosphingobium, and Bosea. 315
These organisms may be part of a transient community or may depend on specific physical and 316 chemical parameters only found in a subset of cooling towers. 317
318
LEfSe was used to identify genera of importance for the different conditions studied. LEfSe is a 319 machine-learning algorithm that uses a mix of statistical testing, linear discriminant analysis 320 (LDA), and effect size to find the taxa that most likely explain the difference between specific 321 parameters [59]. The algorithm was able to find significant taxa for most conditions; however, we 322 decided to focus on the conditions where Legionella, Pseudomonas, or Mycobacterium, were 323 distinguishing features. Legionella is enriched in conditions with low levels of total chlorine, 324 medium levels of conductivity, and in towers with daily application of chlorine ( Figure 6 and 325
Supplementary Figure S5A) . Conversely, Pseudomonas is enriched in towers with high levels of 326 total chlorine, high levels of suspended solids, and with continuous application of chlorine 327 (Figure 6 and Supplementary Figure S5B) . 328 Pseudomonas was the only taxon enriched in towers without Legionella ( Figure 7A ). This 337 analysis is in good agreement with a Spearman's correlation analysis (Supplementary Figure S6) . In conclusion, three main observations emerge from this work. First, the source of the water is the 477 main factors affecting the bacterial community of cooling towers. Secondly, the Legionella 478 population itself is severely affected by the alpha diversity, the level of Pseudomonas, levels of 479 chlorine, and most importantly, the frequency of chlorine treatment. 
